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Description of Research 

During the  period reported here in ,  e s s e n t i a l l y  dl of the  work 

f has been completed concerning "Excitation i n  Low-Energy He  

and "Spectral  D i s t r ibu t ion  of the  Two-Photon Emission from the 2 

State of H e  , I t  

- H e  Coll is ions"  

2 
If 2 

S 

+ Published repor t s  of t h i s  work are at tached as Appendixes 

A and C,  respec t ive ly ,  

measurement of t h e  metastable l i f e t i m e  of t he  2S state of H e  

Work on the negative helium ion  and on the  p rec i se  

4- is continuing. 

More e x p l i c i t  descr ip t ions  follow. 

I. EXCITATION IN LOW-ENERGY HE+ - HE COLLISIONS 

An experimental study of e x c i t a t i o n  of H e  I states i n  low-energy 

He' - H e  c o l l i s i o n s  w a s  undertaken i n  the  energy range from 5 keV down t o  

the  energy conservation thresholds .  Exci ta t ion  of p a r t i c u l a r  He  I states 

w a s  observed with the  use of single-photon counting techniques. The r e s u l t s  

include the  observation of l a r g e  low-energy cross  sec t ions ,  t h e  measurement 

of the  p a r t i c u l a r  exc i t a t ion  thresholds  which are found t o  l i e  above the  

energy conservation threshold,  the observation of large-scale  o s c i l l a t o r y  

s t r u c t u r e  i n  the  exc i t a t ion  functions as t he  He ion  energy is var ied ,  and 
+ 

a study of the  ve loc i ty  dependence of t h i s  s t r u c t u r e .  These r e s u l t s  cannot 

be understood i n  terms of the  s i m p l e  appl ica t ion  of the  Massey Adiabatic 

Cr i te r ion .  

the  observed phenomena but does not  p red ic t  any o s c i l l a t o r y  s t r u c t u r e .  

A molecular model proposed by W. Lichten does explain many of 

Recent 

t h e o r e t i c a l  work by Rosenthal and Foley, which takes  i n t o  account the  multiple 

pseudocrossings among the  var ious assoc ia ted  molecular curves,  has l ed  t o  a 

q u a l i t a t i v e  understanding of almost a l l  of t he  observed phenomena. 

W e  include i n  Appendix A the published r epor t s  discussing t h i s  

work 



5 

11. LIFETIMES AND FINE STRUCTURe OF mTASTABLE AUTOIONIZING STATES OF THE. 

NEGATIVE HELIUM ION 

By time-of-flight techniques i n  an axial magnetic f i e l d ,  w e  have stud- 

4 i e d  t h e  negative ion  of He4 i n  t he  metastable au to ioniz ing  (ls2s2p) PJ states, 

I n  the  experiment, a beam of He- was prepared from a He+ beam by 

+ double charge exchange. 

discharge and passed through a potassium vapor where one c o l l i s i o n  produces He  

and a second c o l l i s i o n  produces the  des i red  He- s ta te ,  

of t h e  beam were e l e c t r o s t a t i c a l l y  separated,  and the  negative beam w a s  d i r ec t ed  

A 3000-eV He  beam was  ex t rac ted  from an 80-MHz r f  
.k 

The charge components 

i n t o  a 10-meter d r i f t  tube, where it w a s  dece lera ted  t o  a t y p i c a l  energy of 100 

eV.  

l ength  of t h e  d r i f t  tube. A 20-volt r e t a rd ing  p o t e n t i a l  w a s  applied t o  a high- 

transparency gr id  placed across the  entrance of t h e  de tec tor .  

from the  d e t e c t s r  t h e  e l ec t rons  spontaneously produced i n  the  beam by autoioniza- 

t i o n ,  so t h a t  t he  cur ren t  received by t h e  Faraday cup is due t o  He- alone. 

n e t i c  quenching of t h e  metastable s i g n a l  was observed a t  f i e l d s  as low as 400 

gauss. Approximate l i f e t i m e s  of 500, 10, and 16 microseconds were obtained f o r  

The metastable cur ren t  was de tec ted  by a Faraday cup, movable t h e  e n t i r e  

This  excludes 

Mag- 

the  J = 5/2, 3/2,  and 1 /2  states,  respec t ive ly .  In  addi t ion ,  t h e  4 P5,2 - 4P3/2 

f ine-s t ruc ture  i n t e r v a l  has been estimated t o  be  0.036 2 0.009 cm-' from t h e  

magnetic quenching da ta  between 350 and 1400 gauss. 

beam by r e s i d u a l  gas i n  the  d r i f t  tube w a s  a l s o  observed. 

aga ins t  au to ioniza t ion  are ext rapola t ions  t o  zero pressure ,  

Quenching of the  metastable 

The quoted l i f e t i m e s  

We are at present  considering the  f e a s i b i l i t y  of a very high p rec i s ion  

measurement of radio-frequency and microwave resonances t h a t  would be of con- 

s ide rab le  t h e o r e t i c a l  i n t e r e s t ,  Our inves t iga t ions  ind ica t e  t h a t  t he  d i f fe ren-  

t i a l  me tas t ab i l i t y  and magnetic quenching of t h e  PJ states of He- could be ex- 

p l o i t e d  t o  bui ld  a p r a c t i c a l  source of po lar ized  He3  nuc le i ,  

4 

Reprints of two articles descr ib ing  t h i s  work are included i n  Appendix B e  



I I X .  SPECTRAL DISTRIBUTION OF THE TWO-PHOTON EMISSION FROM THE 2 

STATE OF HE' 

Completed i n  t h e  spr ing  of 1969 w a s  an experimental v e r i f i c a t i o n  

of t h e  spectral. d i s t r i b u t i o n  of t he  two-photon emission from the  metastable 

2 S1/2 state of He  A broadband spectroscopic coincidence counting tech- 

nique w a s  employed. 

metastable H e  

uv phototube ( s e n s i t i v e  from 200 t o  1200 A) and a "soft" uv phototube (sen- 

si t ive from 1050 t o  3500 A) preceded by various broadband f i l t e r s .  

2 "k 

The s p e c t r a l  d i s t r i b u t i o n  of t h e  two-photon decay of 

w a s  s tud ied  by observing the  coincidences between a "hard" 9- 

0 

0 

Two- 

photon coincidence counting rates were observed experimentally and agree 

with tho.se ca lcu la ted  from the  t h e o r e t i c a l l y  pred ic ted  s p e c t r a l  d i s t r ibu -  

t i o n  of t h e  two-photon emission. Furthermore, t h e  t h e o r e t i c a l l y  n u l l  "soft" - 
"soft" coincidence counting rate w a s  shown t o  be less than 0.04 counts per  

minute. This is  a Eactor of 150 smaller than e i t h e r  t he  "hard" - "hard" 

or "hard" - "soft" coincidence counting rate, each of which is  typ ica l ly  

s i x  counts p e r  minute. I n  addi t ion ,  r a d i a t i o n  due t o  the  impact  of low- 

energy metastable s ing ly  ionized helium on helium and on t h e  o the r  rare 

gases was detected.  This is  t h e  f i r s t  experimental study of very low-energy 

ion-atom e x c i t a t i o n  processes where one of t h e  c o l l i s i o n  pa r tne r s  is i n i t i a l l y  

i n  an exc i ted  state. 

I n  Appendix C we include a r e p r i n t  of our  publ ica t ion  of these 

r e s u l t s .  
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2 IV, TWO-PHOTON DECAY OF THE a s ~ , ~  STATE OF HE+ 

Upon completion of the  photon coincidence observations,  the  ex- 

periment t o  observe the  decay i n  f l i g h t  of metastable helium ions w a s  re- 

sumed. 

ment of t he  metastable l i f e t i m e  i s  nearing completion. 

Construction of the  experimental apparatus f o r  the  p rec i se  measure- 

+ 
A beam of H e  ions i n  the  2s state is  produced by e l ec t ron  bom- 

W e  have improved the exc i t a t ion  source through the  use of helium bardment. 

gas of extremely high pu r i ty  (contamination less than 1 p a r t  i n  10 ) and 

the  replacement of the o r i g i n a l  oxide-coated cathode by a porous tungsten 

dispenser cathode. 

6 

Detection of t h e  2s ions i s  accomplished by the  use of a surface 

Auger de tec tor  i n  conjunction with modulation of t he  beam a t  the  Lamb-shift 

frequency (14 GHz). 

secondary e l ec t ron  emission between the  IS and 2s s t a t e s ,  

square-wave modulator operating a t  low frequency has been constructed f o r  

the  cont ro l  of a k lys t ron  tuned t o  the  Lamb-shift frequency. 

is coupled t o  a microwave cavi ty  through which the  helium ion beam passes 

and i n  which the  2s component of the  beam is  quenched t o  the  ground state. 

The a c  signal. corresponding t o  2s quenching has been observed. 

The de tec to r  records a s i g n a l  due t o  the  d i f f e r e n t i a l  

A so l id - s t a t e  

The k lys t ron  

The de tec tor  used i n  these t e s t s  was mounted i n  a f ixed  pos i t ion ,  separated 

from the  exc i t a t ion  source by a system of e l e c t r o s t a t i c  lenses ,  

f i c a t i o n  by a varactor  bridge opera t iona l  ampl i f ie r ,  

a lock-in amplif ier .  

accompanying graph as a funct ion of source bombarding vol tage,  

the  65-eV threshold f o r  the  production of metastable ions ,  

s i t y  ind ica tes  t h a t  metastables c o n s t i t u t e  near ly  1% of the  t o t a l  beam; the  

remainder are ground-state ions,  

After  ampli- 

the  a c  s igna l  i s  fed  i n t o  

The output from the  lock-in amplif ier  i s  p l o t t e d  on the  

It shows c l ea r ly  

The s i g n a l  inten- 



0 

0 

bombarding voltage (volts 
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The theo re t i ca l ly  predicted l i f e t i m e  of the  2s state is  2 x 

With a beam ve loc i ty  of the  order  of lo6 cmlsec, a d r i f t  tube seconds e 

severa l  meters i n  length is  necessary f o r  a p rec i se  measurement of the  l i f e -  

t ime .  

9 meters i n  length,  was constructed and is  awaiting i n s t a l l a t i o n .  A 

ga t e  valve inser ted  between the  source and the  d r i f t  tube permits the  source 

cathode t o  be replaced without the  loss of vacuum i n  the  d r i f t  tube. By mov- 

ing the  de tec tor  along t h e  beam, the decay of the  2s state will be  observed. 

The t ranspor t  mechanism f o r  the  detector  i s  nearing completion i n  our shops. 

It cons is t s  of a platform s l i d i n g  on s t a i n l e s s - s t e e l  rails  and driven by an 

externa l ly  powered chain-and-sprocket dr ive.  

For t h i s  purpose a s t a i n l e s s - s t e e l  d r i f t  tube,  24 c m  i n  diameter and 

We hope t o  complete the  major construct ion of t he  apparatus within 

two months and t o  obtain a preliminary measurement of the  25 l i f e t i m e  later 

chis winter .  
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itatisn Cross Sections for the 

in 

2 

The total cross sect ion has been obs 
3 . 1  + ( 2  P-1 S) l i n e  i n  %ow-en gy He - He c o l l i s i o n s  ( 5 0  

Previously the 10,830-1 ( 2  P-2 S) We line was observed i n  kh 3 3  

energy region, The observed exci tat ion €unctions (Figs, 1 

and 2) do not exhibit any osc i l l a tory  s ~ u c l u r  . Previously 
2 ata fw th exci tat ion of lines originating i n  the 

and 5 states  sf He showe many instances of strong 

oscil%atauy structur , The present and pr 

area with t i n g  differential cross-section data 
9 He ions,  3 citation o€ th 2 8 state of He with 600 

These data i b i t  asepolng oscillatory structure as a function o 

fng angle. Tk 

al i n e l a s t i c  ~ r ~ s ~ - s ~ c ~ ~ ~ n  data can b 

sexace of structure in the total 610 

p1 

: 



3 3 

e n t  work was undertaken as p t of a con t inu in  

erstanti 'low-energy ~ e +  - f3ie c o l l i s i o n s  i n  t 

gy curves, Zn tbe caee of the high 

(n - S), the m u l t i p l i c i t y  and pr fmity of l e v e l s  

g r e a t l y  complicates the problem and makes it d i f f i c u l t  to assess 

ity of any theoretical model, Bowevez, the n = 2 levels 

are w e l l  separated from &he higher 1evsI.s and are therefore more 

amenable t o  criticax theoretical analysis, A concer ted  e f f o r t  

was therefore initiated to obtain excitat ion functions for the 

2B states of He, 

f 

Previous  data for i n e l a s t i c  low-energy He" - He c o l l i s i o n s  

had been analyzed in terms of a single curve crossing which was 

shown t a  e x i s t  at about  RI i= L A t  this va lue  of i n t e r n u c l e a r  

s epa ra t ion ,  the ground-state  curve crosses a number of excited- 

state curves.  Such a c r o s s i n g  is r e s p o n s i b l e  for the popula t ion  

c i ted states a t  values af bombarding energy which 

are very much lower than thos predicted on the basis of a simple 

application sE the a a t ie  c r i t e r ion ,  

It %hat structure observed i n  the various i n e l a s t i c  

He+ - Be c o l l i s i o n s  was due t o  coherent  phase development when 

R < RES 

superposition of at least t w o  possible states, Each d e ~ e l ~ p ~  

I n  this region the system evolves  as a quantum mechanical 

phase c o n s i s t e n t  w i t h  i t s  en gy. T h e  phase d i f  ence thus ae- 

quired y i e l d s  an i n t e r f e r e n c e  ~ h ~ n ~ r n ~ ~ ~ n  h e n  t h  

aga in  dur ing  the second, outward bound passage of the crossing. 

It has been shorn khat this phase difference is s t r o n g l y  d 

meter - b and kenc on scattering angle 0 ,  
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nomenon i s  c 

of the Q S C ~ S  atory s t r u c t u r e  i n  the d i f f e r e n t i a l  c ross -sec t ion  

data, it fails to explain the structure i n  the total. cross-section 

data, The strong I b ~@~~~~~~~~ of the ac 

in no ~ n ~ ~ g y - ~ ~ ~ ~ n ~ ~ n ~  s t r u c t u r e  when one inkcgrates ovex 

- b to o b t a i n  t h  C r O S S  SeCt iQXI ,  

TO l a i n  the structure i n  t he  t o t a l  c ross -sec t ion  data, 

it has been suggsste6,  an shown, that in addition to t h  

cross ing ,  an ou te r  c ros s ing  between $=WQ cited po ten t i a l - en  

ists a t  R M 7 - lde5 The two excited s t a t e s  Bni- 

t i a l l y  populated at  the inn  c ros s ing ,  When Ro > R Rx, each 

excited sta te  develops phase at a rate c o n s i s t e n t  with i ts  

A phase difference 

crossing Roe 

is n o t  s t r o n g l y  - b dependent, and the s t r u c t u r e  persists i n  the 

to ta l  CKOSS s e c t i o n s ,  

that the s t r u c t u r e  i n  the d i f f e r e n t i a l  c ross -sec t ion  data is un- 

affected by the  outer crossing and is s t i l l  plained i n  terms of 

the inner crossing, 

evelops and i n t e f e r e n c e  results a t  the outer: 

The phase difference i n  the f i n a l  s ta te  i n t e r a c t i o n  

The absence of s t r o n g  2 dependence hpli@!s 

ereas outer cressings b ~ ~ w ~ ~ ~  cited states exist for the 

n = 3, 4, 5, andl higher levels, it has been sho theol: e t k a E b y  

that no outer c r o s s i n g  %or the excited 2P stales,  It was, 

e4 predicted that no oscillatory s t r u c t u r e  would be ob- 

c i t a t i o n  of the 2P states, This is, in fact, 

borne out by the data gr sented here, i3.e the outer c ross ing  

onrsible for the  oscillatory structure of the high 

ta tes  (n 2 31, i n  a%X cases the e c i t a t i o n  t 



by the location of the inner: crossing, T h i s  threshald has 

been measured for the XU,830-.! trans i t ion  and is consistent  w i t h  

the existent calculat ions,  Low s igna l  l e v e l s  pxecluded the 

measurement of the threshold for the  584-1 t r a n s i t i o n .  
6 Our apparatus i n e ~ u i i e o  a ~ e "  electron-bombardment source, 

Iln oxide-coated cathode yietlds an electron current of 500 mA or 

metastable 25 ions, 

Excitation is observed by single-photon counting of the 

emitted fight when the e x c i t e d  states decay, 

was used to isolate the lo,83a-H Eight, and this infrared rabia- 

t i o n  was detected with an 

A sui table  f i l t e r  

I S-3. phototube, cooled with liquic3 

nitrogen. The net signal was  the difference between counts ob- 

served w i t h  and without target gas in the chamber. B y  using a 

standard Lamp fox intens i ty  cal ibration and by observing %he 

3 5-2 P and 3 13-2 P transitions, it was concluded t ha t  cascading 

accounts €or less than 10% of the 10,830- 

3 3  3 3  

s 

Observation of the 584-1 t r a n s i t i o n  presents considerably 
i 

more d i f f i c u l t y ,  Since no filters exist for 584- radiation, 

we used a McPherson model 220 vacwzm u l trav io le t  1 - m e t e s  normal- 

incidence grating spectrometer to isolate this l i n e .  The large 

2 number o f  this instrument reduces the signal considerabfy. We 

useti a platinum-coated grating blazed at 800-4 to improve xeflec- 

tmce. X 9683 open-face multipl ier  was used as a detect 

Both the photomultipIier & d e r  and the vacuum chamber eoupling 

0 

the spectrometer to the tagget chamber w e r e  evacuated wi%h Oil 

diffusion pumps (see Fig. 5). 



I n  an attempt to observe resonance transitions ssch as 

the Me I 5 

resonance trapping. is required, Xn addition t o  reabso2ption 

of the resonant radiation, ane  must take into account the f i n  

branching r a t io  (0,001) between the (2 8-2  S) and ( 2  P-l S) 

transit ion,  I f  many reabsorptions occurB”, even t h i s  small ratio 

will r e s u l t  in loss of 584-A radiation to the ~ o , s ~ r - i i  t rans i -  

tion, A simple calculation, howave9, shows that  because of 

momentum transfer i n  %he excitation P ~ Q C ~ S S ~  most of the 58 

radiation is  shifted s u f f i c i e n t l y  t o  prevent i t s  absorption. 

The result is  that %here are very few reabsorptions of the re- 

sonance radiation, However, since the  path length through the 

spectrometer is 2 meters, and s i n c e  the spectrometer is  vacuum 

coupled t o  the relatively high pressure of the t g e t  chamber, 

a collodion window was added t o  separate the spectrometer an 

-1 k ine ,  a car ful. analysis of the problem of 

a l  h l  

target chambers. This avoids a l l  trapping which might occur 

ing the passag of l ight through the s ~ ~ ~ ~ r o ~ ~ t ~ ~  

Two specific experimental t 

that  there was no trapping, F i r s t ,  measurements of signal 

versus pressure yielded a straight Pine,q which is  t o  be expected 

only if trapping is n l i g i b l c .  Secona, He was used as a 3 

t particle,  which provided an isotope sh i f t  large enough 

event reabsorption of radiation emitted from a H e 4  atom, 

o change in signal strength or energy dep ndence was observed 

i n  these isotopic encimsnts, thereby confirming the absence 



' i  

The 584-1 data are  shown in F i g ,  1, There i s  a shoulder i n  

data a t  -200 eV and a possible indication of a shoulder 

at  CJ lo0  eV. Likewise these i s  a conspicuous shoulder in the 

data a t  w 110 eQ ( jg. 2). If w e  interpret these 

shoulders as arising f rom a weak osc i l l a tory  structure super- 

imposed on a smooth excitation function, then we find that the 

584-A and 10,830-1 oscillations are in antiphase. 

that such o s c i l l a t i o n s  may ar i se  from the coherent excitation of 

It is s-aggested 

the  2 1 P and 2 3 P states, The background counting ra te  in the '. 

work was about 1/2 count/sec, while the signal was about 

3 counts/sec at 1 keV, 

The work presented h e indicates that  despite the complexity 

involved i n  c o l l i s i o n a l  cross sections, r e l a t i v e l y  simple models 

serve surprisingly well to explain the existing data. In the 

development of these models, the lower-lying s t a t e s  are of 

greatest  in teres t  because of their  i so la t ion ,  Such r e s u l t s  can 

be more readily discussed theoret ica l ly ,  and the stimulation thus 

provided can lead to a better understanding of more complicated 

problems 
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Figure Captions 

1. 3 Figuse L: Cross sect ion for the 2 P -  2 S trans i t ion  vs 

energy in the laboratory system, 

3 3 Figure 2:  Cross sect ion for the 2 P - 2  S trans i t ion  vs 

energy in  the laboratory system. 

Figure 3: Experimental apparatus for detect ion of 584- 

radiation i n  low-energy He'- H e  c o l l i s i o n s ,  
3. 1) Source chamber; 2 )  He source; 3) intermediate 

pumping chamber w i t h  d i f f erent ia l  pumping sl its 

and e l ec tros ta t i c  ion lenses; 4) mercury dif fus ion 

pumps; 5 )  o i l  diffusion pumps; 6) spectrometer; 

7) grating; 8) detector vacuum chamber; 9) photo- 

multipl ier;  10) beam detector; 11) collodion f i l m ;  

12) target chambm; 13) Be" beam; 14) path of 

584-a radiation; 15) di f f erent ia l  pumping chamber e 
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ABSTRACT 

New dai;.:: on t he  e x c i t a t i o n  of helium by low- 

energy helium Sons have been obtained t h a t  provide 

s t rong  suppor t for  the  pos t - c o l l i s i ~ n - i n t e r a c  t ion  

model proposed by Rosenthal and F:?:iey i n  a companion 

paper,  C e r t z h  d e t a i l s  of the  r e s u l t s  t h a t  a r e  not 
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New experimental  s t u d i e s  of low-energy He" - H e  t o t a l  e x c i t a t i o n  

cross sec t ions  a r e  presented t h a t  provide s t rong  support  for a post-  

c o l l i s i o n  i n t e r a c t i o n  model proposed by Rosenthal and Foley i n  a 

companion paper' (hereafter r e f e r r e d  t o  a s  the  R-F model) FI 

W e  previously reported t h e  e x c i t a t i o n  of var ious n e u t r a l  s t a t e s  

of H e  i n  low-energy ~ e +  - 13e c o l l i s i o n s . 2  

these  observat ions w e r e  t he  l a rge  value of t h e  c r o s s  sec t ion  a t  l o w  

energ ies  with thresholds  s l i g h t l y  abav.3 t h e  f i n a l  s t a t e  energ ies ,  and 

t h e  s t rong  o s c i l l a t o r y  dependence of t h e  cross sec t ions  on p r o j e c t i l e  

energy, These phenomena w e r e  i n t e r p r e t e d  i n  terms of t h e  molecular- 

p o t e n t i a l  energy curves of t h e  He; system. 

energy e x c i t a t i o n  it w a s  noted t h a t ,  i n  the d i a b a t i c  approximation, 

t h e  gerade ground term is repulsive and pseudocrosses a l l  of the  

exc i t ed  s ta te  terms.3 

nuclear  separation,RI,  of about. i a.u. 

w i t h  small enough impact parameters, t h e  in te rn iwsear  separa t ion  

decreases  and passes through R A s  t h e  s y s t e m  passes t;hrr,uggh 

the  pseudocrossing, e x c i t a t i o n  occurs tjk the  mechanisr:, acussed by 

Landau, Zener, and Stuckelberg,  Thk; accounts fc.t <:le l a rge  c r o s s  

s e c t i o n  a t  Pow energ ies  Since t77~: th resholds  :ecixZ s l i g h t l y  above 

t h e  f i n a l  s ta te  eneru,  2s> they provide a d : r t ~ t  measure=- of t h e  

TWO s t r i k i n g  r e s u l t s  of 

To understand the low- 

These pseuJocrossings occur a t  a value of i n t e r -  

I n  t h e  coiirse of c o l l i s i o n s  

1 

4 

energy loca t ion  of t'le pse .>crossinq." I n  a d d i t i o n  to other  r e s u l t s  

discussed here ,  we repnxt new precise vt:llues for  these  energier: vhich 

can be compared w i t h  s p e c i f i c  molecul.cjs models, 
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that any phase d i f f e rence  thus  developed is s t rong ly  dependent on the 

hipact  parameter b; consequently,  the  integrat-2.on over impact parameters 

required t o  obtain t o t a l  cross seckions averages out t h i s  interference 

e f f x t .  Such a phase difference might contribute to khe o s c i l l a t i o n s  

reported is, d i f f e r e n t i a l  i n e l a s t i c  crass sections'  b u t  cannot exp la in  

the s t r u c t u r e  observed i n  the t o t a l  c ross -sec t ion  data. 

In the cornpanion paperJ Pcosenkhal and Foley show that in add i t ion  

t o  t h e  crossing between the ground s t a t e  and excited state curves a t  

E t I 2  o t h e r  crossings between ~ W Q  5r more exc i t ed  sta tes  e x i s t  a t  rela- 

t i v e l y  la rge  values of i n t e r n u c l e a r  separation, = 20 a.u, I n  t h i s  

model the e x c i t a t i o n  mechanism i s  essentially identical w i t h  that 

previously considered and hence the  h r g e  cross sections a t  low 

energ ies ,  and t h e  threshold  energ ies ,  are explained as befGre, Wow- 

ever, the oscillations are now considered t o  arise when two excited 

s t a t e s  

be fore 

weakly 

papulated a t  RI develop a phase difference bepeen  R 

mixing again at: Rol. 

"b"-dependent, it  manifests itself in the € o m  af uscillakory 

and Ro 

Since  t h e  r e s u l t i n g  phase di2feretice is 
3 

structure i n  t he  total cr5ss section.. Rosenthal and FoLey show that 

their model correctly p r e d i c t s  the osc i l la tory  struct.ure i n  t h e  e m i t - , -  

tion E u n c t b n s  Of %he 3 S and 3 S states,  and, moreover, they p::&;i;ct 3 1 

that these o s c i l l a t i o n s  should be i n  antiphase as is in .?act observed, 2 

?Jew experiments whose results strongly s n b s t a n t i a t e  the R-F model are 

described i n  this paper, 

RosenthaL and Faley find thak in their  KiCadCi, outer C ~ ~ s ~ ~ n ~ s :  

which can e f f i c i e n t l y  m i x  the -:rcited s ta te  amplitudes,  exist i n  the  

E = 3 ,  4, and h igher  states b u t  a?.rr?- in the n = 2 states ,  Hence they 

p r e d i c t  o s c i l l a t o r y  s t r u c t u r e  i n  the  n= 3 and higher excitation functio:s:: 

but no t  i n  t h e  n = 2 cross :,.actions, 3n our  ear l i -er  work we observe ' 



t h e  R = 3 ,  4,  and 5 1.evel.s and :Fol;nd s t rong  u s c i l l a t i o n s ,  k new cx- 

perimental  s tudy has now heen made of the 584--?k l i n e  ( 2  p - i ’ s f  and 

lo,~330-A line (2 P - 2 S)  t o  t e s t  t h e  predictions of the R-F ms.”iel. 

The apparatus  was e s s e n t i a l l y  the  same a s  t h a t  used earlier ex%*ei.!t. t h a t  

i n  t h e  case of t h e  10,830-A l i n e  a Liquid-nitrogen-cooled EM1 80, 

9684B phototube was used t o  detect t h e  r a d i a t i o n ,  and t h e  l i n e  was 1x0- 

l a t e d  with a n  i n t e r f e r e n c e  filter. Since no filter mate r i a l  e x i s t s  t -x  

t he  584-A light, a McPherson Model. 220 uv spectrometer was used t o  

isolate t h i s  l i n e .  The spectrometer viewed the bomharding chamber a t  

an angle of 90” r e l a t i v e  t o  t h e  beam, and the  l i g h t ,  a f t e r  passing 

through t h e  spectrometer,  w a s  detected w i t h  a n  EMf 9603 p a r t i c l e  

m u l t i p l i e r .  Although resonance t rapping  was i n i t i a l l y  considered 

t o  be a s e r i o u s  problem fo r  t h e  584-A l i n e ,  simple es t imates  i n d i c a t e  

t h a t  the t r ansve r se  momentum t r a n s f e r r e d  i n  t h e  course o f  t h e  c o l l i s i a n  

is s u f f i c i e n t l y  large so t h a t  no t rapping  occurs* The r e s u l t i n g  Doppler 

s h i f t ,  a t  energ ies  greater than  100 eV and for s c a t t e r i n g  angles  

g r e a t e r  than  lo, is Larger than  the thermal Doppler widkh af t h e  

l i n e  and l i t t l e  absorp t ion  occurs, The p o s s i b i l i t y  of t rapping  is 

f u r t h e r  reduced by t h e  f a c t  that: the  collision region is viewed 

over an  angular  region of a t  least 2 3 *  and t he re fo re  t h e  component 

of vel.ocity i n  t h e  d i r e c t i o n  of viewing is s u f f i c i e n t l y  l a rge  t o  

insure a Doppler shift greater than t h e  thermal Doppler width. The 

absence of t rapping  was tested experimentally by observing t h a t  t he  

pressure  dependence of t h e  signal was l inear  and by comparing t h e  

s i g n a l  f o r  3€ieC - *He and 4HeC - 4He c o l l i s i o n s .  

isotope s h i f t  is larger than t h e  thermal Doppler width,  any poss ib l e  

t rapping would be s e r i o u s l y  modified by changing isotopes; yet: no 

d i f f e r e n c e  i n  e i t h e r  s i g n a l  s t r e n g t h  o r  t h e  form of t h e  e x c i t a t i o n  

funct ion w a s  observed, confirming the absence of trapping, 

1 1 

3 3 

Since t h e  3He - 4He 
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The 2P e x c i t a t i o n  funct-.ions are  shown i n  F i g ,  I n  accordance 

with the R-F model and u n l i k e  the n = 3 ,  4,  and 5 e x c i t a t i o n  func- 

t ions,  no large-scale o s c i l l - a t o r y  s t r u c t u r e  is observed. Some sma l l -  

s c a l e  s t r u c t u r e  which  does appear is d i scussed  b e l o w ,  The f ac t ,  

noted above, t h a t  there is no s i g n i f i c a n t  d i f f e r e n c e  between t h e  

584-h e x c i t a t i o n  func t ion  f o r  He - H e  and He - He c o l l i s i o n s  

shows t h a t  nuc lea r  symmetry i s  not important  i n  t h e s e  phenomena. 

4 + 4  3 4  4 

A s  mentioned previous ly ,  measurement of t h e  excitation func t ion  

th re sho ld  g i v e s  an  a c c u r a t e  value o f  t h e  energy location a€ t h e  i n n e r  

pseudocrossing.’ Ca re fu l  measurements w e m  made of t h e  s i g n a l  near  

the thresh.old f o r  n ine  t r a n s i t i o n s .  Lz! ext.racting threshold values 

from these d a t a ,  a l i n e a r  threshold 1st; was assumed in accordance 

w i t h  t h e  observed s t e e p  n a t u r e  of t h e  csnsets. In these exper i -  

ments two photctubes w e r e  u sed  simultaneuusly, one w i t h  a 3888-j; 

f i l t e r  and t h e  o t h e r  w i t h  a filter chosen to i s o l a t e  t h e  l i n e  

under study. I n  t h i s  way t h e  thresholds could be obta ined  rela- 

t i v e  t o  the  3888-JL threshold, This technique was employed since 

t h e r e  w a s  evidence t h a t  the % r u e  beam energy d i f f e r e d  by one or 

two eV f r o m  the applied p o t e n t i a l .  Suc!ii d i f€e rences  would be 

expected to a r i s e  from c o n t a c t  p o t e n t i a l s ,  space charge effects, 

and s u r f a c e  charg ing ,  S ince  these effects may vary w i t h  t i m e  

and o p e r a t i n g  c o n d i t i o n s ,  t h e  comparison method w a s  employed SO 

a s  t o  obtain t h e  best  possible va lues  f o x -  the d i f f e r e n c e  i n  the 

t h re sho lds .  3t i s  estimated t h a t  t’t,... 3 3 .  f ~ . : ~ - ~ ~ e n c e s  w e r e  obtained 

t.0 -t- 0 . 2  eV. The correction nec+.tr::d € 0 7 :  ob ta in ing  t h e  absolute 

value  of t h e  3888-.1 t h r e s h o l d  was determined by measuring the  

3 ~ e f  - 4 H ~  and * H e i  - 4He thresholds f o r  t h i s  line and using 



the fact that  t h e  center-of-mass threshold f o r  these t w o  collision 

combinations should be i d e n t i c a l ,  I n  t h i s  way the eneargy correction 

at the  t i m e  t hese  da t a  w e r e  taken and the absolute value of the 

3888-1 th reshold  w e r e  found to be -0.63 -I- 1-56 eV and 60,50 I 1.56 eV 

r e spec t ive ly ,  The threshold  values i n  the center-of-mass system and 

energ ies  of t h e  f i n a l  states of the free atom are given in Table I, 

The displacement a€ the th resholds  above t h e  f i n a l  state ener- 

gies of t h e  free atam indicates that the  pseudocrossing at R occurs 

above the f i n a l  s t a t e  energy, Tha observation of distinct thresholds 

for  t w o  excited s t a t e s  which cross at a 7.arge vab~re of i n t e r n u c l e a r  

separation R ( e D g . $  3 S ,  3"s) allows us EO make a qualitative 

statement concerning the transition probability at this o u t e r  

c ross ing  at l o w  energies, If r;he transition probability at t h i s  

crossing w e r e  large we would expect population of the upper state 

a t  Ro even though t h e  energy were  so low that only t h e  l o w e r  s t a t e  

was populated at the inner crossing, This would result: in i d e n t i c a l  

th resholds  fo r  both the states, The observati!x of d i s t i n c t  tnresh- 

olds far: these two s t a t e s  indicates  t h a t  G L  Law velocities the 

crossing at Ro i a  e s s e n t i a l l y  adiahati.c, de dr@ thus free to ifiter- 

pset t h e  thresholds as a measure of the energy Location of  t h e  

inner crossings, 

r; 

3 4 

0 

We s t u d i e d  the v e l o c i t y  dependence of the oscillatory structnre 

He in 4 observed i n  a number of excitation functions by using 3We and 

var ious collisional. combinations, For a give3  energy these d i f f e r -  

e n t  collisional combinations have d i f f e r e n t  relative v e l o c i t i e s ,  

Since we be l i eve  that t h e  oscillations are due to a phase- 

interference phenomenon, we scaled the cross sections according 
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t o  phase-development time by p l o t t i n g  t h e  i s o t o p i c  data for  

e x c i t a t i o n  of a given state of €Ie v e r s u s  t h e  r e l a t i v e  v e l o c i t y  

a t  i n f i n i t e  i n t e r n u c l e a r  separae ion ,  v (  2) + 

where u i s  t h e  reduced mass of t h e  sfstein, E and E inre t h e  

ene rg ie s  i n  t h e  laboratory and center-of-mass frame r e s p e c t i v e l y ,  
L c .n1e 

and mp i.s t h e  mass of the  p r o j e c t i l e  particle. 

When t h e  CYQSS sections a r e  scaled cccording t o  Eq. (1) , the 
high-energy peaks over lap ,  i.n accordance h i t h  the assumption of a 

phase- interference e f f e c t .  The I.ack of overlap a t  low energies 

(Fig.  2A) i.s due to the d i f f e r e n c e  betweea? t?.ie true velocity and 

v ( m )  i n  t h i s  energy domain. This difference arises from t h e  effect 
2 2  of the i n t e ra tomic  p o t e n t i a l  V I R )  and the acntrifiigal barrier b ,'R . 

I n  cons ider ing  b2/'R2 we note  that, f o r  excitation t o  occur ,  b must 

be less than  RI. Y e t  i n  the R-F model, [:.he xegion crf relevant 

phase development var ies  between i.nterrm:I.ear s epa ra t ions  of R 

and Ro, which is of t h e  order of 20 RIe 
I -' 

Therefore, i n  this region 

we neglected t h e  c e n t r i f u g a l  barrier i n  scalinq the o s c i l l a t i o n s  

v e r s ~  v e l o c i t y .  The e f f e c t i ~ e  velocity in the  region of phase 

development i.? then  g iven  by 

Since i n  t h e  model being considered t h e  phase d i f f e r e n c e  de- 

velops i n  t h e  f i n a l  s ta te ,  we may take the average in te ra tomic  

p o t e n t i a l  energy (V(R)) equal  t o  t h e  f i n a l  state energy E f e  Iln 
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3 t he  case of the 4 S l e v e l ,  the f i n a l  s t a t e  energy is about 23 eV 

and this produces a substantial modif ica t ion  of t h e  velocity a t  

].ow bombarding energy. The isotopic data  are p lo t t ed  i.n F ig ,  213 

with the v e l o c i t y  given by Eq- ( 2 )  w i t h  < V / , R ) )  = 23 sV. In this 

p l o t  the s t r u c t u r e  over laps  over t h e  e n t i r e  enerqy- range i n  accord- 

ance w i t h  the R-F model and t h e  above discussion, 

Two experimental resu l t s  remain f a r  w h i c h  on ly  tent$t:i.ve ex- 

appear  for nt lzer  c o l l i s i o n a l  combinations. The difference i n  

structure appearing in the i so top ic  da ta  can be explained in t e r m s  

of the phase development, time, As the energy decreases from the kV 

range, aiid w i t h  it- the r?elocity,   mor^ phase c?iffererscs i s  developed 

fore ,  n e a r  5-,hreshold, the 4-4 system speslda Z O K ~  time developing 

phase than the 4-3 system, The  data  i n d i c a t e  that enough a d d i t i o n a l  

time i s  spent for one more oscillation appear. In t h e  case o f  

di f fe ren t j -a . l  s c a t t e r i n g  expcrirnsats 1.t is observed t h a t  the  da ta  

obtained in colLisions with  i d e n t i c a l  isotopes, i , c , ,  He - 3He and 
4 

3 

He - 'He, exhibit more :?tructure thar? i o  L h :  case of t h e  unsymmetric 
4 .  

nuclear co1.1.isions 3 ; T c  - ~ e .  ~ h i . 5  ;.>.ddit.ional structure is a t t r i -  

:uu,ked t.o t h e  ef fcr : t ls  of n.urr?.;.-,.;.~' symmetry, In the grescmt case, 

in order to r~.-:I.c o u t  t-k I t- p o s s i b i l i t y ,  we performed a n  experiment 

in w h i c h  we llsed Ut: io];$ on We, The r e s u l t s  obtained in t h i s  
3 3 
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experiment did n o t  show the a d d i t i o n a l  s t r u c t u r e  seen in the 

‘He - 4He case, and we conclude that nuclear symmetry i s  not 

r e s p o n s i b l e  fo r  the extva oscillation shown in Fig,  

One a d d i t i o n a l  unexplained experimental result involves t h e  

shoulders observed near threshold in the 2P exci ta t ion functions 

(Fig.  fA). I€ one i n t e r p r e t s  these features as low-amplitude 

o s c i l l a t i o n s  superimpased on a smooth e x c i t a t i o n  cumc, t hen  the  

oscillations in t he  2 P and 2 P excitation functions ace in apparent  

antiphase. This r e s u l t  seems to i nd ica t e  t h a t  same s m a l l  mixing 

occurs  bekween these states although, as previously mcnticrned, 

these s t a t e s  are n o t  coupled through an outer crossing, Mu 

theoretical intcrpretatian of this resu1.k is a s  yet a v a i l a b l e ,  

However, we would like to suggest t h a t  t h i s  effect may result from 

a residual interfecence effect  arising at the i n n e r  crossing, 

1 3 

2 

The sesuZts presented  here have stimulated considerable ef for t s  

t o  understand the d e t a i l e d  i n t e r a c t i o n s  occluring i n  law-energy ion- 

atom c o l l i s i o n s ,  The theory r e c e n t l y  d e v e l o p e d  by Rrnsenthal and 

Foley has  been remarkably successful i n  J.eadir3g t : ~  an understanding 

of i;hose resuI . ts ,  Some unanswered ques t ions  xcx rain, howewer, and 

f u r t h e r  theoretical e f f o r t s  will be needed to answer them. It js clear 

that the full e l u c i d a t i o n  of the detailed s t r v c t u x c  of the excitakior: 

func t ions  will provide a powerful tes t  of oilr understaz&ing of t’4;e 

dynamics of the unbound molecular skate f~m1;ed dusfr23 tkhes.2 ir-- 

elastic cond i t ions .  

The authors  are most indebtea to Pr~j:ecsc~: %,W, Si:rI.th and Ds, N, 

Tolls for their exkeneive a id  in obtainini-  theee r~:+::?;ts and in d i s -  

cuss ing  their i n t e rp re t a t i an ,  we are aa: ;~ inde’rted to Br- H. Fo3.e~ 

and ~ r ,  E, Rosenthal for ex tens ive  dis&xlssion.:, 0x1 t h e i r  new 





Table I. Thresholds for Excitation of Excited He I Sta tes  

Threshold 
Relative t o  

Absolute 
Thres ho Id 

Difference between the  
Threshold and Final S t a t e  

C 
Enerqies (c,rn, ev) b State 3 3 ~  (Lab.eV)a (c .m,  eV) 

z3p -7.30 

33s -2.57 

26.60 

23.97 

5.64 

6.26 

3 ls -1.85 29.33 6.42 

3% -0-40 

33D -to. 10 

- 3 
3 P  

3% +1.80 

43s +1.87 

!j3S c2.70 

30.05 

30.25 

30.30 

31.15 

31.18 

31.60 

6.98 

7.25 

7.23 

8.07 

7.59 

7.63 

aThese energy differences are measured i n  t he  laboratory aystem and are believed to be 

reliable to f 0.2 eV. 
3 bThe energy of the  3 P threshold is 60.50 f 1.56 eV (lab system). The other values in 

3 
t h i s  column ( ~ 0 1 ~ 3 )  are obtained using the  absolute 3 P threshold and the  values i n  sol. 2, 

Eence, the absofute values in col. 3 are reliable tc f 0.78 eV (c.m. system). However, the 

differences in the valuers in COL. 3 are r e l i ab le  to f 0.10 (c.m.1 as axe those in col. 2 

from which they are derived. 

‘as in eol. 3, these values are r e l i ab le  to f 0,78 eV (c.rn,) and their differences are 

reliable to f 0, :O eV ( c . m . ) *  
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Lifetimes and Fine Structure  of  the  Metastable Autoionizing 
* 4 (ls2sZp) PJ Sta tes  of  the Negative Helium Ion 

L .  M .  Blau, R .  Novick, and D .  Weinflash 

Physics Department, Columbia University, New York, N .  Y.  10027 

ABSTRACT 

4 The decay of the d i f f e r e n t i a l l y  metastable autoionizing (ls2s2p)’ PJ 

4 s t a t e s  of the 

axial magnetic’field,and Zeenran quenching has been observed. 

lifetime components (11 ysec, 210 ysec) have been iden t i f i ed  i n  a 190 eV 

beam with an a x i a l  f i e l d  of 400 gauss. The zero-f ie ld  l i f e t imes  obtained 

from these and other  measurements a r e  11 .f. 5 ysec for  J = l / 2 ,  3/2., and 

345 * 90 ysec f o r  J = 5/2. 

t o  be 0.050 f 0.015 cm-’. 

He-ion has been s tudied by t ime-of-fl ight techniques I n  an 

Two d i s t i n c t  

The S/2-3/2 f ine  s t ruc tu re  in t e rva l  i s  estimated 

- - - - - -  
1 The e l ec t ron  a f f i n i t y  of helium w a s  f i r s t  considered by Wu 

2 

i n  E936 

and a negatively charged state of helium w a s  observed by Hifby 

using a mass spectrometer. 

could be produced by charge exchange c o l l i s i o n s .  

i n  1939 

Other experimental ~ o r k ~ - ~  es tab l i shed  t h a t  He- 
5 H o l B i e n  and Midtal 

employed a four-term v a r i a t i o n a l  wavefunction t o  ca l cu la t e  the  energy 

4 of t h e  (ls2s2p) PJ states and pointed out t h a t  these  states would be meta- 

s t a b l e  aga ins t  d i r e c t  Coulomb autoionization. Although more c a r e f u l  

computation revealed t h a t  the four-term wavefunction did not i n  fact lead t o  

3 6 a pos i t i ve  e lec t ron  a f f i n i t y  for the  (ls2s) S state ,  Holp4ien and Geltman 

* 
This work w a s  supported by t h e  National Aeronautics and Space Adminis- 

t r a t i o n  under gran t  NGR-33-008-009, It is Columbia Astrophysics Laboratory 

Contribution No. 19. 
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c 

4 alized that the PJ states could decay t o  the Ne* 

a a f f e r e n t  lifetime 

lived 3-43 512 s t a t e  b 

~hesat predictions were ~ ~ e ~ ~ e R t ~ ~ ~ y  ver i f ied for the corresponding P 

states i n  lithium.8 Dips in the Zeeman quenching curve which result frm ant i -  

crossing levels enabled the determination of the fine-structure intervals and 

lifetimes for each J-state, Various authors have calculated the lifetime 

of the Pslz state f o r  atoms in  the isoelectronic series, Obtaining values 

for He- ranging from 1700 t o  266 microseconds. Since the 4Ps,2 state can 

decay only v ia  the tensor spin-spin interaction, them is no ambiguity con- 

cerning the operator in &e matrix element €or the transit ion,  Hence the wide 

range of theoretical  values implies that the He- lifetime is highly sensi t ive 

t o  the precise farm of the wavefunctions used for the i n i t i a l  and f ina l  states. 

The theoretical  lifetime increases when the i n i t i a l  state is described by 

a superposition of Hartree-Pock 

configuration. 

i n i  ti a1 wave 

magnetic f i e ld  would quench the longest- 

other s t a t e s  of the same multiplet. 
4 

J 

4 

configurations instead of a s ingle  (ls2s2p) 

The electron ~~~~~~~t~~ implicit in the more cmplicated 

ction increases the & v ~ ~ ~ g ~  Ante lectmn separation, thereby 

reducing *e ~ ~ f % c ~ i ~ e n ~ ~ ~  of 

On the other hand, th 

spin-spin interaction in  causing the decay. 

en the f ina l  state 
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i c p a  serves tu 

ipoles ~ ~ ~ r n § ~ ~ w e s  tend t o  in 

state of the aturn w i t h  the init ial  state. A reliable ~~~~~~~~a~ value far 

e lifetime is nee~g$ t o  evaluate the different 

and the ~ ~ p ~ x ~ a ~ ~ ~ ~ s  made in the calctala%fons. 

We report ~ ~ ~ ~ e ~ n  .the p ~ ~ ~ ~ r n ~ ~ ~ ~  results of an experiment which establishes 

that the 3 

of the J = 3/2 md J = I f 2  lifedimes is 11 m~cros@rcm&, 
-1 structure interval is estimated to be 0,050 2 0.01s 

512 PiEetime is 34s 2 90 micmsecmds and that awsighted ~ v e ~ ~ ~ ~  

The 5/2 - 312 fi 

In our ~ ~ ~ ~ s t i ~ ~ ~ ~ ~ ~ ~  we ~~~~~~~ a beam of He- by double charge exch 

a technique propored by ~~~~~~~.~~ A sdematic representation of our ~~~~~~ 

is s h m  in Fig, 1. 

passes through bi potassium vapor where it suffers two collisicms w i t h  neutral 

potassium atoms. 

rhe metastable (fs2s) S state of H e g .  The second c o l l i s i o n  r e s u l t s  i n  another 

charge exchange and produces the desired He-  state. 

densi ty  can be  var ied  t o  maximize the production of He-, and negative ion currents  

of 100 nanoamperes are eas i ly  obtained. The beam emerging from the potassium 

vapor is e l e c t r o s t a t i c a l l y  separated i n t o  its charge components and the  t o t a l  

pos i t i ve  Seam is col lec ted  as a monitor on beam s t a b i l i t y .  

def lected i n t o  a series of e l e c t r o s t a t i c  lenses  and decelerated t o  any desired 

energy above 50 eV. The bean then passes into a 10-meter d r i f t  tube solenoid- 

wound to provide axial  magnetic f i e l d s  up to 1500 gauss. The ion source and 

A 3000 eV He9 beam is extracted f r o m  an rf discharge 

The f i r s t  c o l l i s i o n  r e s u l t s  i n  a charge exchange and produces 
3 

The potassium vapor 

The Xe- beam is 
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detect ion regions are separated by a d i f f e r e n t i a l  pumping aper ture .  

pressure on the source s i d e  is  3 X 10 

The 

-6 when gas is  admitted to  the  r f  dia- 

charge, while the pressure i n  the de tec t ion  region, which is  pumped a t  e i t h e r  

end by 4-in. mercury d i f f u s i o n  pumps, is at Least an order of magnitude lower. 

The He- beam i s  detected by a Faraday cup which is  movable i n  the vacuum 

chamber near ly  the  f u l l  length of the  d r i f t  tube. 

e l e c t r i c a l l y  insulated from the Faraday cup, is placed across  the  entrance of 

A high transparency grid, 

the  de tec tor .  

the  19.7-eV e lec t rons  produced i n  the beam by autoionizat ion of He- cannot 

enter the  detector  and t h e  current  recorded is due t o  He- alone, 

When the  negative b i a s  on the  g r id  is grea te r  than 20 v o l t s ,  

Figure 2 shows typical experimental results for suppression of a 150 eV 

The graphs are Faraday cup currents vs suppression voltage at Hem beam. 

successive, positions of e detector. e ~ ~ ~ ~ ~ ~ p ~ n ~  w i t h  increasing distance 

of the feature below 25 volts  is evidence of the build-up of electrons in the 

beam, a confirmation that we are observing autoionization i n  f l i g h t .  

sum of He" and e- currents a t  zero suppression is not independent of detector 

position as would be expected from conservation of charge because half the 

The 

electrons are ejected backwards and hence are l o s t  t o  our detector. 

Data m s  were taken a eeic f ie lds  between 400 and lSQ0 gaws 

t o  directly observe! ~ ~ ~ e r ~ n ~ ~ a ~  m e ~ ~ ~ ~ ~ ~ ~ ~ y  and Zeeman ~ u e ~ ~ i n g .  The 

pressure i n  e vacuwn system was varie 

by r e g ~ l ~ t i ~ ~  the water flow in  t o  3 X IOe6 To 

s o l ~ o i d .  For a l l  p ~ e $ s u ~ ~ ~  

could be f i t  t o   be^^^^ 

8 for a IOQ eV 

l ing l ines of the 

of 2 X To is firteed wi ~t;im ~ o ~ ~ ~ ~ ~ ~ S  Of 10.2 a d  161 miem- 
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cross section f o r  removing Be- from the  beam by e i t h e r  c o l l i s i o n a l  quenching 

o r  l a r g e  angle s c a t t e r i n g .  

pressure was accomplished by separa te ly  v a r y h g  the ve loc i ty  and pressure.  

Figure 4 shows the  dependence of  the longer component, y on the product Pv. 

The agreement bemeen the  two methods of ex t rapola t ion  is sliom by the 

c o l l i n e a r i t y  of the t r i a n g l e s  and squares i n  F ig .  4 .  Tfie zero-pressure decay 

rates of the  two components a t  H = 400 gauss are ( 4 . 8  f U.3) X 10 

(9 * I) X lo4 sec-’* 

I n s u f f i c i e n t  data were obtained t o  make r e l i a b l e  pressure ex t rapola t ions  for  

other magnetic f i e l d s .  

s t a b l e  pressure beczuse of the  temperature rise due t o  Joule  hea t ing  in  the 

solenoid windings, The apparatus is being improved and better d a t a  are ex- 

pected i n  the  near f u t u r e .  Neve.reheEess, elhe data poin ts  i n  Pig. 4 f o r  300 

gauss and 1000 gauss show an. increase of tlie decay ra te  w5th magnetic Eie ld .  

Zeenan quenching was also observed by varying rhc magnetic f i e l d  with the 

detector s ta t ionary  at d i f f e r e n t  pos i t ions .  Figure 5 shows the f a l l  o f f  of the 

lie- cur ren t  as a function of H~ a.t: three detec tor  positions corresponding t o  

f l i g h t  t i m e s  of 3 2 ,  76, and 126 microseconds. 

Extrapolation of  yobserved to ZCXG r e s i d u a l  

L’ 

3 -1 sec and 

The corresponding lifetimes are 210 and 31 microseconds. 

At higher fields, it wifs imp0SSible t o  rnaifitain a 
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By the  hypothesis of differential-meeastability, the beam should be com- 

posed of th ree  exponential components (one f o r  each J leve l )  a t  low f i e l d s  and 

as many as twelve components a t  higher f i e l d s .  Our i n a b i l i t y  t o  reso lve  th ree  

d i s t i n c t  components deprives us of corroboration of t he  4P s ta te  i d e n t i f i c a t i o n .  

However, smoothly monotonic functions of the  s o r t  shown i n  Fig,  3 are notoriously 

d i f f i c u l t  t o  €it with any uniqueness t o  sums of exponentials. 

cons is ten t  with our d a t a  t h a t  the  11 microsecond component is a weighted 

average of the  J = 3/2 and 3 = 1 / 2  states, while t he  218 microsecond component 

is the  J = 5/2 state. 

served components lends support t o  t h i s  conclusion s ince  the  statist ical  

weight of t he  J = 5/2 s t a t e  i s  equal t o  the  sum of the weights of the J = 3/2 

and 1/2 states. 

ponent is  45% * 5%. 

state i s  produced and is l o s t  i n  the d i s t ance  the  beam t r a v e l s  between pro- 

duction and de tec t ion ,  t he  relative weights of t he  two remaining components 

would be 40/60 i n  favor of the  long component, a p o s s i b i l i t y  w e  cannot r u l e  

out .  

s tate alone because then the weights would be 25/75 i n  favor of the long 

component, We are therefore  s a f e  i n  assuming t h a t  the J = 3/2 l i f e t i m e ,  

which is  c r i t i ca l  i n  in t e rp re t ing  the  Zeeman quenching, is  wi th in  30% of the  

observed s h o r t  component. 

i n  ex t rapola t ing  y t o  zero-field.  Future plans include an e f f o r t  t o  determine 

the weights more accurately and search f o r  a th i rd , shor t - l ived  component i n  

a 3000-eV beam f o r  which the  f l i g h t  t i m e  t o  the  de tec tor  is  reduced to 3 

microseconds. 

J 

It is  completely 

The approximate equal i ty  of the weights of t he  two ob- 

The experimental va lue  f o r  t he  weight of t he  short com- 

I f  a t h i r d  very sho r t  component due to, say, the  J = 1 / 2  

On t h e  other hand, t h e  s h o r t  component cannot be due t o  the  J = 1/2 

Hence w e  w i l l  use y = (9 -Ir 3) X l o 4  sec-' 
3/2 

L 

The l i f e t imes  of the d i f f e r e n t  magnetic sublevels i n  a magnetic f i e l d  

is determined by the zero-field Lifetimes of t he  J-states and t h e  Zeeman 
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mixing coefficients. At Tow magnetic f i z l d s  where first order  ?er rusba t  ion  

theory holds; ,  J = 512 nixes only with  S = 3 / 2 ,  leadi3.g t o  quadrat ic  dependence 

of the decay ra te  on 13. By ztnaiogy 20 

pected that tile 5/2 - i/2 f ixe  s t ruc tu re  i n t e r v a l  is considerably greater 

3PJ in Iie 0 and 4 P i n  Li', i t  is ex- 
J 

than rhe 5/2 - 3 / 2  interval,  anc? hence niixislg with J = l/2 i s  ignored at all 

f i e l d s .  Under the influei2ce of a magnetic f i e l d ,  each 2.l-sublevel. of the 

J = 5/2 slate  goes over t o  a superposit ion of J = 5 j 2  and J = 3!2 w i t h  the 

(2) 

whetire y and y are tile zero-f ie ld  decay rates for S = 5 J 2  and J = 3/2 

respectively. Yecause y 

quenches t he  .I = 5/2 subs ta tes .  A t  low f i e l d s ,  sirt-e is propor t iona l  to H (I 

In p a r t i c u l a r ,  sin 8 

Again, because y >> y there is 2 f l i g h t  t i m e  t = JC microseconds be- 3 / 2  s l a  o 

~ . Q I I ~  which essential1.y a n l y  3 = S f 2  subs ta tes  remain i n  the bem. The 

512 3!2 

$> 'y /2, TriL 2 y512 )I i a e .  tbe Z e e m a i  mixing 
3J2 

7 2 
M 

=. 0; the I ~ j 2 ,  .k. 5;~) states  remain pure a t  a i l  f i e l d s ,  2 
& 5 / a  

metastable current a~is5n.g €rea the 3 = S / 2  substares is then: 

During the f l i g h t  f i b e  beyond t 

by a s i n g l e ,  s l o w l y  varying decay consrant, yLe 

equal to the logarithmic derivat ive of Ey. (3): 

the decay of ehe beam is well character ized 

The valrte of y a t  time t is 
f, 

c 9  



where the  weights w 

subs ta tes  a f t e r  t i m e  t i n  the  magnetic f i e l d ,  

creases proportionally t o  H2 s and then increases less slowly, eventually 

= exp(-r t) are the  r e l a t i v e  populations of t he  magnetic N M 
It is c l e a r  t h a t  yL f i r s t  in- 

s a tu ra t ing ,  and f i n a l l y  decreasing t o  its i n i t i a l  value y when only 

15/2, * 5/11) remain i n  the beam. 

5/2 

The maximum decay rate occurs a t  about 

A 53 * 1000 gauss; hence y a t  t h i s  f i e l d  is not s e n s i t i v e  t o  changes i n  A L 

5/2' b e t t e r  way to  determine A and from this the  zero-field decay rate y 53' 
is the  d i r e c t  observarion of Zeeman quenching shown i n  Fig. 5 .  

the J = 5/2 cur ren t  w i l l  drop a t  high f i e l d s  to  one-third its zero-field 

value. 

a f l i g h t  t i m e  of 76 microseconds, I - 1/3  Xo drops o f €  by a f a c t o r  of e a t  

By Eq. (31, 

This arises from complete quenching of t he  M J f 5/2 subs t a t e s .  With 

4 -1 sec H = 1.06 k i logauss ,  Lf y3iz is  taken t o  be (9 f 3) X 10 , then Ar3 

must be (0.050 * 0.015) cm-' eo produce the  observed quenching, 

f i e l d  decay rate in fe r r ed  from A 

The zero- 

= (0.050 * 0.015) em-' and a decay rate of 53 
3 

(4.8 f 0.3) X l o 3  sec-' a t  400 gauss is y = (2.9 f 0 , 6 )  X 10 sec-' or  a 
512 

Lifetime of 345 f 90 microseconds f o r  J = 5/2. 

These r e s u l t s  are i n  apparent disagreement with t h e  18.2-microsecond l i f e -  

time f o r  He- reported by Nicholas -- e t  

consider the d i f  f erential-metzs t a b i l i t y  of We- and based their conclusions on 

a maximum f l i g h t  t i m e  of one microsecond during which they observed a 5% decay 

However, these inves t iga to r s  did not 

of the  beam. This agrees with the  decay observed during the f i r s t  microsecond 

of our f l i g h t  t i m e  when both the  s h o r t  and long components are present.  The 

345-microsecond 

the  most recent  ca l cu la t ion  of Estberg and LaBahn" which takes i n t o  account dis-  

l i f e t i m e  f o r  the  J = 5/2 state is i n  reasonable agreement w i t h  

t o r t i o n  of the f i n a l  s ta te  and y i e lds  a l i f e t i m e  of 455 microseconds. In  

4 
512 

addi t ion ,  OUT r e s u l t  i s  i n  agreement with an ex t rapola t ion  of t h e  (ls2s2p) P 

l i f e t i m e s  f o r  t he  He- i soe l ec t ron ic  sequence from L i o  t o  0 +Is . l6 The near 
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-1 
degeneracy (AE = 0.050 cm ) of the J = 5/2 and J = 3/2  levels in  He- may be  

compared t o  the similar near degeneracy (AE = 0.070 em-') of t h e  J =: 1 and J = 2 

l eve ls  of the ( l s2p)  P term of Heo,  3 The smallness of t h e  s p l i t t i n g  i n  both 

cases arises from competition between ehe spin-spin i n t e r a c t i o n  and t h e  inverted 

Land; spin-orbit  in te rac t ion .  The s m a l l  value of A is favorable  for t he  53 

scheme proposed by Feldman and Novick17 f o r  producing polarized 3He nucle i  by 

f i r s t  obtaining a beam composed only of 15/2,  f 5/2) and then quenching one of 

t he  M-levels by an r f  resonant f i e l d .  
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FIGURE CAPTIONS 

Fig.  1. Schematic diagram of rhe Be- source and detect isn regions ~ 

F i g .  2. Current reaching t h e  movable Faraday cup at successive d.etector 

pos i t i ons  as a function of negative suppression voltage. 

the buildup of the low energy component arid the decrease of the 

Note 

high energy compoizeni: as the de tec tor  is  moved away f r o m  the source. 

Fig. 5. Typical He- data run f i t t e d  to a sum of two exponenlials.  “he 

two coiaponents have equal weight when extrapolated back t o  t he  

source, which is located a t  D = - 1 - 2  meters. 

l’ke decay constant of the long-lived He- component, yL, as a 

gktxleti~n of p~essuse times vefackty a t  several magnetic f i e l d s .  

Fig .  4 .  

2 Fig. 5 .  Quenchable com~posent of the  %e- current as a h n c t i o n  of I-1 with 

the detector stationary at positions corresponding t o  f l i g h t  

tirites of 32,  75, znd 126 microseconds. 

the metastable current i s  due essent ia l ly  o ~ L y  to the Y = 5/2 

substates. O n e  t h i r d  of the zero-field J = 5/2 current  a r i s e s  

from MJ = f 5/2, which is no t  quenched by Zeeman mixing and is 

therefore subtracted Eroin t h e  total curren-r. 

A t  these f l i g h t  t ines,  





I 

Fig. 1. Schematic diagram of the He- source and detection regions. 

L, 

N 
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- = Best fit I 

... 
Fig. 3. Typical HP data run fitted t o  a sum of two exponentials. 

The two campnnents have &qual weight when extrapolated 
back CQ the  source, which is located at: T) = -1.2 meters. 





t 

0.5 9.  

F i g .  S. Quenchable coitipment o f  the We" cur ren t  as a function of 
@ with the detector  s t a t i o n a r y  a t  positioais corresponding 
t o  f l i g h t  times of 32, 72 ,  and 126 microseconds, A t  these 
flight times, the metastable current i s  due e s s e n t i a l l y  
only eo the J = P/2  substates .  One t h i r d  of the zero-f ie ld  
S = 5/2 current arises from hgJ = * 5 /2 ,  which i s  not quenched 
by Zeeman mixing and is  therefore subtracted from the t o t a l  
cur ren t .  



Department of Physics 
Columbia fjnfversity 

Paew Yosrk, New Yark 10027 

For Proceedings of the International Conference 

on Precision Measurements and Fundamental Constants 

National Bureau of: Standards 
Gaithegsbusg, Maryland 



PECISlOjES ME3SPFREMENT OF THE PINE STRUCWW 
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Abs t rack 

re5.s f o r  ghe precise detemin.at ion OS rhe energies and liferimes of the 

mecastable autoionizing Cls2s2p) P 

states i m e  lifetimes in r:he range P r a n  5 

and hyperfine strucrr.ire i r , t t e t t d l s  are of the order of a wave number, it 

w i l l  be possi'ble t o  determine the s p l i t t i n g  w i t h  a relative accuracy of 

one: part in IO or better. Present measurements i n  Li and Li are at  

zha level. o f  m e  'par!: :io. EO4 anit a prelleminary cmtle estimate has been 

ta stares Fn Be" and Li". Since these J 
t:n 500 irsec and s i n c e  the f i n e  

6 6 7 

4 .e4p in te rva l  in ~ e " ' .  ~ u r t ~ z e r  work is in prograss 5 . /2  ?/I riiade O f  EhCz 

w i t k .  radic-frequency teckniqu.es to obtain very much mare precise resu l t s  

Considerable theoretical e f f o r t  must he rnade before these results can be 

i4:eqreted i n  te'z-mr:; af fundamental constants.  

if t.he naeceusary n.um.er:icaB wawftinc$ions can be obtained with s u f f a c i ~ ~ t  

xcsquracy and if the V ~ ~ ~ L O U S  radiative arid r e l - ae iv i s t i c  corrections can 

be evaluated, then "Lese z e s u l t s  will. provide a precise new independent 

value for tihe S C X I B I X K ~ ~ M  f i n e  8 tructure constant + 

However, ie: is clear that 

' i 4 . 0 ~ 5 ~  supported by Natf.oaa1 AexaneuZics and Sp~tce Administration 
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:,ore electxon and have energies mrtch greaaser than she first ionizatlsn 

* 4 2 a d  %i would mfx all but the P stage with 91 states which autoion- 5 / 2  
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The berm "di f  ferentia1 metastability" has been cofned t o  describe 

the existence of dist inct  lifetimes for each J-state of the mu%tiplet.  

A fursher pralifesatfon of lifetimes occurs in an external n'iagnetjic 

field and/or in the presence of hyperfine structure, 

In the  exploratory work carried out so fax, the spllttings of the 

4~ 

tcmiari which includes ffne and hyperfine structure eems as we19 as the 

Zeeman interaction : 

s tatxs are obtained by diagonalizing at semi-phenomenological Hamil- 
3,F 

Magnetic dipole  and electric quadrupole hyperfine terms were also in- 

cluded in the analysis,  but were not varied in f i t t i n g  data [7 ] ,  

tlre absence ak- hyperfine strixture, let ehe elgenatates sf gfven 'MJ in 

an external magnetic f i e l d  be iadexed by rha superscript I: 

In 

If the separakiuiz between the levels is large compared t o  their width, 

the decay rate of IP~,(HI) is well-defined and given by a weighted sum 

os' rhe zer5-fieLd decay rates y of ehe multiplet: 3 

Expressioms of t h ~  same: form as eqs. (2) and (31,  with N replaced by P, 

give the eigenstates and decay rates of the hyperfine Xevels with no ex- 

ternal field. 'JThe s t a t e  a€ highest  F (;F$lax = 5 /2  -+ E) is a pure J = 5/2 

state and thus in general is longest-lived. With both hyperfine and ex- 

ternal f i e l d s ,  the simmation kn eq. 13) extends over .? axid F t c a  abtain 

t h e  decay rates far states wi.th a given NP. The mast imparrant conse- 
L 



were detected by cnTlecring at1e don-electron pairs that: result asom 

marked increase in signal strength at the mecastahh ZhresAoPd., 

Tne metastable detectox was movable over a distance of 3 cm and the 
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Quenzctaing of %ha metastable signal. by ekectric and magnetic f i e l d s  

w a s  a%so observed. :"ne magnetic quenching c u n 7 ~ s  of Li and Li showed 7 6 

s~zverd!  resonance-like d i p s  which were attributed to strang mixing of 

short-lived and Isng-.l.ived states a t  level. anticrossings e The quenching 

apparatus (source ano detector) enclosed in a un.ifom' wagnet j ,~  f i e l d  ts 

of rhe dips were acciu-afelp located, and the widths measured, bjj signal- 

averaging techniques * 

A theoretical analysis showed t h a t  in the v i c i n i t y  of the ararb- 

crossings, a two-state tresiment of the ?.eveis is adqua te .  The fine- 



T b t s  work provided the  first definitive assignmenrs for lines ob- 

served in the  course of a study o f  t he  L i z 1  spectrum [lo] which had no 

place i n  the noma1 spec t r a  of the  atom or ion. It  had been suggested 

t h a t  these l i n e s  arwe from t r a n s i t i o n s  cu the metastable (ls2s2p) p 
3 P F  

ground qua r t e t - s t a t s  Srom higher quarters. Assuming the  upper s ta te  t o  

be ( 1 . ~ 2 ~ 3 ~ )  S ,  the ww experineneal r e s u l t s  f o r  t he  level .  S t K U C t U l r e  of 

4 

4 

7 i n  Li were used t o  Calculate a eheore t ica l  line shape for 
J ,F (ls2s2p)4P 

the  unassigned 

agreement with 

ports the term 

The level 

between states 

coupled i n  t h e  

b 

29% A Pine. The csleulared Pins: profile fs i n  exce l len t  

t h e  opectroscopPc data E % ]  a 

asstgqmenrs and de stfu~ture of the 'PJ states. 

scheme described above p red ic t s  the  loca t ion  of crossings 

This agreement s t rong ly  sup- 

of d t f f e ren t  M t o  wi th in  one gauss. These states can be 

neighborhocd p f  t h e  crossings by an appropr ia te  r f  mag- 

tt 

n e t i c  f i e l d  oscillating perpendicular t o  the s t a t i c  field H and transk- 
0' 

t i ons  de tec ted  by a drop in metastable signal* Under favorable experi- 

mental CircumsttSIces, $he l i n e  width is determined only by t h e  n a t u r a l  

width of t he  short-lived statep which is 4 , 2 5  MHz for J * 312 and -0.fli 

MHz f o r  3 * 1/2. Determination crf the f i n e  and hyperfine s t r u c t u r e  could 

be about: 200 times more accurate than in t he  s t a t i c  quenching experiment 

and prec is ion  of a few pares in 10 or b e t t e r  euuld be achieved. Tenta- 

tivo i d e n t i f i c a t i o n  of a 30 MHz resonance in Li' a t  5374 gauss has been 

6 

7 

made f1;1]. 

F = 1, PiF = 0 level with a J *  5 1 2 ,  F = 3 ,  % = -l l e v e l ,  as ca lcu la t ed  

This is roughly 3 gauss below the  crossing of a J *  3/2, 

from the l e v e l  schme of figure 4. The resonance has proved t o  be elu- 

sive and work is continuing on th i s  and arsher predicted hyperfine F~SO- 
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Results an the helium mgatLve ion ,  which prompted the whole f ine of 
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Figure 5 i s  a schemiit9c diagram of t he  apparatus wed i n  the study 

of Me". 

a technique proposed by Darnnallly 813l. A 3000-eV Me beam is extracted 

froa ai 130 Mt3z rf d:lscharge and passes through Q potassium v a p ~  where i r i :  

suffers two colZfsions with neutral. potassium atoms The first col l i s ion  

produces the  atetastable (1~2s) S s tate  rzE Be", 

A beam of the negative ion is prepared by double charge exchange, 
-4- 

3 'l%e second col l i s ion  re- 

s u l t s  i n  another charge exchange and produces the desired Be- state. 

The potassium vapor dexnsitg can be varied to maximize the production of 

He ani2 a negative ion current of 3100 nA Ls e a s i l y  obtaitaed. The beam 

emerging f roni t he  potassfum vapor is slrscrxos t a k i c a l l y  separated into its 

charge compments and thc total pasiti .ve beam is collected as a monitor 

on beam stabi.1-ity. Tlm Be" beam is deflected fn to  a series of electro- 

s t a t i c  lenses and decel.e!ral:ed to any desired energy above --SO eV. 

beam then passes into a 10-met:el: dr i f t :  tube wound t a  provide axial. mag- 

net ic  f i e l d s  up to 15013 gauss. The ion. source and detection regions are 

separated by a dif fereatia.1-pumping aperture. 

side is 3 X Torr when helium gas is a l h i t t e d  ta  the rf discharge, 

w h i l e  the pressure in the detectian rtbgion is at least ~ I R  order of magni- 

tude rowor, 

I 

The 

The pressure an the source 

The He- bemi is det.ecred by .si Faraday cup which is  movable in vacu- 

lam nearly the f u l l  length of the d r i f t ,  cube, 

e lectr ica l ly  insulated f r ~ m  the Paraday CUP., is placed aeross the en- 

trance of rhe detector. When the negestiae retarding voltage on the grid 

I s  greater  than 20 welts 

tion in flight: of H.e- cancot enhes the detsccor and the current r t ~ o ~ d e d  

i s  due to He- alone. 

A high transparency grid, 

t:hc 19, ?-eV electrons prtrduceu by autoioniza- 
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proport ional  to  
4 4 

the  P5,2- p1/2 

the  statist ical  weights of the  assigned J-values. 

f ine-s t ruc ture  i n t e r v a l ,  & 

Only 

remains inaccess ib le  to 51 
the present  experimental approach. 

times m d  f ~ n ~ - 8 ~ ~ ~ c t ~ ~ e  obtained i n  t h i s  

Table 2 gives the ~ r ~ ~ ~ ~ n a ~  Life- 

There axe probably no narrow ant ic ross ings  in the  negative ion of 

6 7 the  i so tope  H e 3  ( I = l / 2 )  such as those observed i n  Li 

(3141 t h e o r e t i c a l  level diagram for the  He3 i on  is s h m  in f fgure  8. 

The hyperfine s p l f t t i n g  is ca lcu la ted  t o  be considerably l a r g e r  than the 

and Li It Manson's 

A53 f ine-s t ruc ture  i n t e r v a l  and comparable to the  B i n t e r v a l .  Narrow 

anr ic ross ings  occur between skates which would i n  fact c ross  i f  they 

51 

were no t  weakly coupled by a per turbat ion small compared to the Hamilton- 

i a n  which def ines  them, There are Prcrad Zeemiin an t ic ross ings  i n  the 

energy l e v e l s  fo r  ions of both Be isotopes,  but: these are of l i t t l e  ex- 

perimental  i n t e r e s t  and despite ehe smallness of & 

occurs around 37016 gauss,  still, t x u  high. far khe  present  apparatus.  It 

the lawest of these 53# 

would be prohibf t ive  t o  produce a mgneaic f i e l d  more than a few kilo- 

gauss O V ~ K  a d is tance  s u f f i c i e n t  t o  appreciably quench the  long-lived 

He- states. These states mix with  ~ ' ~ ~ ~ ~ t - k ~ ~ @ ~ I q  states that have 

Although not expected to  exhl.bit arnticrossfngs the  Zeeman quench- 

the  atomic para- ing curve of the ge3  ion could give a value for 

meter unmeasured by t h e  work to date. Denote as F "- 1' and F = 2 '  t he  

hyperf ine stares with J 312 t o  d i s t ingu i sh  them from t he  states F 

J 

and /IzlF < 0 in f i g u r e  8. 

i , .e. ,  F = 2 is higher  then F = k g  because the l a t te r  is depressed by 

1/2 and 'E' = 2,  J w 5/2, Because h 0 ,  we would expect b32t < 0 53 
However, El[anson's ca lcu la t ion  g v e s  A21v > 8 ;  

repulsion from F = 3.. This depression of the F = l q  l e v e l  is s e n s i t i v e  

It is possible t h a t  A is actually too large eo 
51. 51 t o  the value of A 



Sery sharp rf resonances could be ~ ~ ~ a ~ ~ ~ $  at low frequency in the 
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this interval by an a&omic-bearn optical-microwave resonartcs aethoc? is 

accurate to 3 ppm [lli]. Mowever, this  pxecision i s  based on f i t t i n g  the 

data to a theoretical l i n e  shape m d  locating the center of the line to 

1 .2  X LO'3 of its widthe 2 In hydrogen, the Pinewidth of the 2 P s2sts 2s 

5, Comparison to Theoretical VJurk 

As might be expected, the agreement between theory and experiment 

Several calculations 
* 

is better for Li 
4 of the ( 1 9 2 ~ 2 ~) P tern energy in  lithium are withhi  the experimental 

2 limits of 57.3 9. 0.3 eV above the (9s 2s) ground state (see Table IT of 

ref. 8 ) .  Manson's values in lithium for the 4P5/2 lifetime [I71 the 

spin-spin constant c and chs hyperfine constant ac E141 are all i n  

good agreement: with experiment. 

value of the spin-orbit cormtant eSO; the theoretical value is roughly 

twice the experimental value, In the ( ls2s2p) PJ states, cso includes 

than for t h e  weakly-bound He-, 

ss ' 
The only serious discrepancy is in the 

4 

a negative contribution from the inagrretic field produced by the p- 

electron on the unpaired spins @rE the s-electrons, cal led the spin-other- 

orbit interaction. This overpowers the usual spin-orbit energy due to  

the p-eleceron orbit producing a magnetic f i e l d  on its o m  spin; the net 

orbital interaction makes negat%ve. Because I: i s  the difference 

of &we comparable quantities,  i t  is very seplsi~iprc to electron correla- 
-so so 

t ion effects, the exact form of the wavefunction, etc .  

me situation is  more difficult fur ~ e - .  ~ltie largest: electron af- 

f i n i t y  obtained for  Me: 

0.069 eW 1 4 3 ,  which is about 14% smaller than the experimental value of 

by variational calculations Ps WePss' value of 

0.080 2 0.002 c'v measured via a Baser photo-detachment iechnfqlne by 
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aretical efforts. 

pared preclsioaa. is obtained, the resuXts will provide rigorous con- 

st raints  on theoretical discussions of the three-electron sysltem, Theo- 
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-154.47 9 0,30 - 325 
SO 

c 

ss C 

512 
t 

T3/2 

%/2 

4-184.47 0.14 3. 185 

4-372.09 -i- 1.12 + 172 
+ 65.16 i 0.42 .b 65 

5.8 4 1.2 5.88 

0,46 k 0,lO 0.30 

0,14 f 0.07 >lo e 0% 

* 
Involved large cancelation due t o  interference 

‘a) References 7 ,  9 ‘b’ Reference 14 



17 

%% 
-26 3 



References 

El] 

[ a ]  

[ 3 ]  Ta-You Wu, Phil  Mag. a, 837 (1936). 

B. Sakitt and G, Feinberg,, Phys. Rev, z, 1341 (1966). 

Je W, Milby, Ann. Phyuik 34, 473  (1939). 

[ 4 ]  Ta-You Vet,  Phys. Rev. 58, kll4 (1940), 
[SI E, Holdfen and S. Geleman, Phys, Rev. 153% 81 (1967), 

ence cora&ains prev%ortsly mpublis ed W Q E ~  of A ,  81, Weiss, 

This ref 

/ 6 ]  E.  Wol$ien and J, Mf, tdaP, $roc. Phys. Sac. (London] 168, 815 
(1955); 90, 683 (1967). 

[ a ]  P. Feldman, M. Levitt,  and R. Movick, Phys, Rev, Letters 23., 333. 

(1968) cI 

P, FePdnan and R. Hcivick, Phys, Xev. Letters U., 278 (1963); "Atomic 

Collision Processes," e d i t e d  by M. R, 6 .  McDowe3.3, (North-Holland 

Publishing Company, Amsterdam, P 9 6 4 ) ,  pp. 203-210; Phys. Rev. B, 

[SI 

I 4 3  (1967)* 

[9] P. Feldmm, M. Levitt, and R. Hovick, Phys. Rev, (to be published). 

[XO] 

[XI] M, L e 3 ~ i r . t ~  R. Nesvick, and S. Shire,  "Columbia Radiation Laboratory 

G. trerzberg and W. R. ~4oore, Can J. Phys. - 37, 1293 (1959). 

Progress Report Boe 19" (3.969) page 6 .  

L, E. B l w ,  R. Novick, and D, Weinflash, Phys, Rev. Letters 24, 1268 

(1970). 

paper re-analyzed. 

B, L. Donnally and 6. Thoeming, Phys. Rev. I__ 159, 87 (19673, 

1121 

New data has been obtained on He- arid the data in this  

1131 

1241 S ,  T, Manson, Phya. Revu (to be published), 

[ E ]  F. D. Colegrove, P, A. Fsanken, 8. R, Lewis, and R e  El. Sands, Phys. 

Rev. Letters - 3, 420 ~ ~ 9 ~ ~ ) ~  
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MAGNETIC FIELD (kef 

Figure 2 .  Typical data for L i 7  s’howlng d i p s  i n  the Zeeman quenching 

curve. These and similar features in L i 6  were studied in greater detai l  
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figure 2 (ref 9). 

AntAcr~ssing~ Pa Li7 etnergy diagram responsible for dips in 
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(ref. 12). 

Schematic diagram of the He- source and detection regions 
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Zeeman quenching 
( experimental curve) 

E = 115 eV 
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t = 8Qpsec 

U t  i I i I I 
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Magnetic field (kG) 
5 

%gum 6 .  The metastable 

:urrent; drops at  low fields because of solid angle losses incurred when 

:he beam i s  not contairaed by a magnetic field, The dashed l ines repre- 

ienc extrapolation assuming quadratic dependence on the f ie ld,  

Zeeman quenching of He- at two f l ight  times. 
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Distance (meters) 

Figure 7 .  

nents. The two-component f i t  (circles and dots) is  based on these data alone. The; 

three-component fit: uses r from Zeeman quenching (fig. 6 )  to determine T 

angles). 

source at  S agree with the statistical weigh& of the assigned J-states. 

He- time-of-flight data f i t ted wfth two and then three exponentfa1 compa- 

(tr3.- 3/ 2 1/2 
The relative strengths of the three components extrapolated back t o  the 
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e4 

0 . 4 ~  0.3 

F 

. ; ~  J = 5 / 2  

-8.2 - O * ~  

312 

512 

F 

2 
1 '  

2' 

3 

Figure 8. 

che isotopes He4 and H e 3  (ref, 14). 
4 

table 2) .  The H e  states  marked 1' and 2 "  have J = 312 weight of 902 

Calculated energy level  diagrams for the helium negarive ion of 

A preliminary value (ref. 22) for the 

spl i t t ing  is approximately half the calculated value (see p5 /2-4p 3/2 
3 

and hence are longer-lived than the states  marked 2 and 3.  



Spectrum of the Two-Photon Emission from the Metastable 
* 

State of Singly Ionized Helium 

C. J- Artura 

Columbia University, New York, New York 10027 

R, Novick 
Columbia Laboratory for Astrophysics and Space Physics 

Columbia Radiation Laboratory, Department of Physics 

t 

Columbia University, New York, New York 10027 

N, Tolk 
Bell Telephone Laboratories, Inc., Whippany, New Jersey 07981 

Verification has been made of the theoretically 

predicted spectral distribution of the two-photon 

emission from the metastable 2 S state of aclingly 2 
1/2 

ionized helium by means of a broadband spectroscopic 

coincidence counting technique. 

W e  report here on the observation by means of a broadband 

spectroscopic coincidence counting technique of the spectral dis- 

tributfon of the two-photon emission from the metastable 2 S 

state of singly ionized heliwm, Spitzer and Greenstein (1951) 

2 
1/2 

suggested that the two-photon emission from metastable hydrogen 

atoms might make an important contribution to the continuous emis- 

sion spectra of planetary nebulae. However, it is not the only 
* 
This work was supported in part by the Joint Services 

Electronics Program (U. S, Army, U. S, Navy, and U. S, Air Force 
under Contract DA-28-043 AMC-O0099(E), in part by the National 
Aeronautics and Space Administration under Grant NGR 33-008-009, 
and in part by the Office of Naval Research under Contract 
POOO14-67-A-0108-0002, This is CAL contribution NO, 6 ,  

P. Sloan Research Fellow, 



source of planetary continua: other 

tion spectra of hydrogen and helium 

include the re6 a- 

and free-free transitions, The 

continua of various planetary nebulae have been measured by several 

observers (Aller, 1941; Page, 1942: Barbier and Andrillat, 1954; 

Minkowski and Aller, 1956). Unfortunately, these measurements are 

not in good agreement, and they do not provide either a test of the 

theoretically predicted spectral distribution of the two-photon 

emission from the metastable state of atomic hydrogen or an indica- 

tion of the extent to which this process contributes to the continua. 

Since most of the two-photon spectrum lies in the ultraviolet, it 

may be possible to obtain better measurements with the OAO. 

vious laboratory observations are reported of the spectrum of the 

two-photon decay of metastable hydrogenic atoms, although the obser- 

vation of a peak in the continuum emission from a hot plasma con- 

No pre- 

taining neon has been attributed to the two-photon emission from 
1 the metastable 2 S state qf helium-like neon IX (Elton, Palumho, and 

Griem, 1968). The two-photon decay of metastable He" has been firm- 

ly established (Lipeles, Novick, and Tolk, 1965). Attempts to 

detect similar two-photon decays in excited nuclei have not proved 

as fruitful (Alburger and Parker, 1964) e However, numerous obser- 

vations have been made of induced two-photon absorption and two- 

photon emission processes. ' (Abella, 1962; Kaiser and Garrett, 1961; 
1. The work on induced optical two-photon processes always involves 
the use of a laser source, and the induced photon is necessarily o f  
well-defined frequency, 

Hall, Robenson, and Branscomb, 1965: McMahon, Soret, and Franklin, 

: Salwen, 1955: St ome, 1968: Eisenthal, Dowley, and PeticoLa 
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1968; Mahan, 1968: FrGhlich and Staginnus, 1967: and Yatsio, Ro 

and Barak, 1968.) 

In the nonrelativistic limit, the decay of the hydrogenic 

ground state by means of a one-photon 
1/2 

z2s1,2 state to the 1% 

radiative transition is completely forbidden. Relativistic effects 

allow the 2541s one-photon magnetic dipole transition, but this is 

many orders of magnitude weaker than the 2 S + l S  two-photon electric 

dipole transition. Theoretical estimates by Breit and Teller (1940) 

indicate that the dominant mode of decay for this metastable state 

is two-photon emission to the ground state with a decay rate given 

by 
2 y = 526.464 sec-l, which corresponds to a lifetime of 2.9 msec. 

2. The hydrogenis atom has one metastable state. On the other hand, 
the helium-like atom has two metastable states, the 2 So and the 
2 S1 states, both of which may decay to the ground state by means of 
two-photon emission. Two-photon emission is the dominant decay mode 
of the 2 So state of helium: however, it is not the dominant decay 
mode of the 2 S1 state of helium. For this state, it has been shown 
that the lifetime against the one-photon magnetic dipole transition 
to the ground state is lo5 sec (Schwartz, 1968), whereas the lifetime 
against the two-photon decay is 2.2 x LO8 sec (Dalgarno, 1968a). As 

in the case of the hydrogenic metastable state, the two-photon decay 
rate of the metastable 2 So state of the helium-like atom has a 2 
dependence on the nuclear charge. On the other hand, the two-photon 
decay rate of the metastable 2 Sl state of the helium-like atom has 
been calculated and shown to vary as 2'' along the isoelectronic 
sequence (Bely and Faucher, 1969) e 

1 
3 

1 
3 

1 6 

3 

Theory predicts that these photons have a continuous distribution 

of energy that is both broadly peaked at and symmetric about 20,4 

eV (608 A) [The theoretically predicted spectral distribu 

the two-photon emission from both the hydrogenie metastable 
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1 s ta te  and the helium-like metastable 2 So s ta te  have the i r  AI 

when the two emitted photons have the same frequency, However, 

the theoretically predicted spectral distribution of the two-photon 

emission from the helium-like metastable 2 S1 s ta te  is identically 

zero when the two emitted photons have the same frequency, and has 

3 

two maxima, one on each side of v12/2, where hv12 is the transi- 

tion energy (Dalgarno, 1968b) .] Conservation of energy requires 

,v + v2 = vo, w h e r e  vl and v2 are the frequencies of the two photons 1 
and vo is  the frequency corresponding t o  the difference i n  energy 

of the l S  and 2s levels. One photon must l i e  i n  the range v = 0 

t o  v = v0/2, and the complementary photon must be emitted i n  the 

range vo/2 t o  vO- 

ric about vo/2 when plotted on a frequency scale, 

the theoretically predicted spectral distribution of the two-photon 

Thus the spectral distribution must be symmet- 

Figure 1 shows 

decay plotted on a wavelength scale. W e  detect the two-photon 

decay mode by a S n s e c  resolving time coincidence technique, i,e., 

by simultaneously detecting both photons of t h e  decay. It is  in- 

adequate t o  detect only one-photon events since radiation also 

r e s u l t s  from the excitation of the background gas. 3 

The experimental apparatus, which consists of an electron- 

bombardment ion source, differential  pumping chambers for pressure 

reduction, and a detection chamber w i t h  two phototubes located i n  

a plane perpendicular t o  the axis of the beam, and the experimental 

3, 
photon counting techniques, radiation due t o  the impact of low- , 

energy metastable singly ionized helium on heliiun and on the other 
rare gases has been detected. 
of very low-energy ion-atom excitation where one of the collision 
partners is  in i t i a l ly  i n  an excited s ta te ,  The r e s u l t s  of t h i s  
preliminasy study w i l l  be presented elsewhere, 

I n  the course of studying the two-photon spectrum using single- 

T h i s  is the first experimental study 
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procedure are s i m i l a r  to'those employed by Lipeles & &, 
However, our present system incorporates several significant i m -  

provements over tha t  of Lipeles e t  a l ,  (1965), W e  instal led a 

new ion source, similar t o  tha t  described by Dworetsky, Novick, 

Smith, and Tolk (1968) which produces an ion beam more than a 

f u l l  order of magnitude greater than tha t  used previously. Instal-  

la t ion of additional e lectrostat ic  ion lenses has improved the 

focusing of the beam in to  the detection region, 

\ 

A T h e  two-photon decay i s  proportional t o  ($lo$2)2, where el 
h and e2 are the polarization vectors of the two photons. Averaging 

over the polarizations of both photons yields a (1 + cos2$) angular 

distribution, w h e r e  8 is the angle between the propagation vectors 

of the two photons. Thus, w i t h  photodetectors insensitive t o  the  

polarization of the photons, a (1+cos  e )  angular correlation is  

predicted for the coincidence counting ra te .  Lipeles e t  al. (1965) 

previously measured the coincidence signal as a function of the 

angle between two EM1 blhardt* uv windowless multipliers, which 

detect photons i n  the range €rom 300 t o  1200 w i t h  an average 

quantum efficiency of about 1096, They thereby verified the (I. +cos 8) 

angular correlation, I n  addition t o  the angular correlation, they 

measured the dependence of the singles and coincidence counting 

ra tes  on electron bombarding energy and rf quenching powero4 

of the excitation curves showed the expected threshold a t  65 eV, 

2 

2 

Both 

the energy needed for the formation of the 25 state of He+ from 
- -- 

s t a t e  i s  accom- 2 
1/2 

e The  radio-frequency quenching of the 2 S 

plished by allowing the ion beam to pass through a microwave f i e l d  
whose frequency corresponds t o  tha t  of the 2 S 
t ion of ~ e +  (i, ', the Lamb s h i f t  frequency) e 

1/2 tsansi- 2 2 - 2 P l/2 
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the ground state of neut ra l  helium, Furthermore, the rf quenching 

curves showed the expected exponential dependence of metastable 

intensi ty  on rf power, 

W i t h  ou% improved system we remeasured the angular correla- 

t ion w i t h  the two llhardtr uv phototubes, T h e  results of these meas- 

urements, shown i n  Fig, 2, verify the theoretical  angular correla- 

t ion,  The sol id  curve i n  the figure represents the expected 

angular distribution a f te r  we  integrate the (1 + cos 8 )  angular 

factor over the area of the photomultiplier cathodes and over the 

2 

length of the ion beam exposed t o  the phototubes, The angular 

correlation was also measured w i t h  one "hard" uv phototube and one 

EMR 5414  "soft:" uv phototube w i t h  a L i F  window, which i s  sensit ive 

from 1050 to'35QQ 1, T h i s  again confirmed the theoretical  angular 

distribution bu t  t h i s  t i m e  one of the phototubes (the ltsoftlp one) 

necessarily responded only t o  photons whose frequency was less 

than half of the t ransi t ion frequency, I n  order t o  study the 

spectral distribution of the decay photons, we  placed various 

broadband fi l ters over the  face of the "soft" uv phototube. These 

filters, which inc lude  MgP2, CaF2, SrF2, BaP2, sapphire, and 

Suprasil (fused s i l ica) ,  have various low-wavelength cutoff l i m i t s  

and transmission abaracterist ics.  T h e  coincidence counting r a t e s  

w i t h  the various filters give us  information about the two-photon 

spectral distribution, T a b l e  I presents t h  data obtained, 

I n  T a b l e  I, S/So i s  the r a t i o  of the single-photon count- 

ing r a t e  w i t h  a specific f i l ter  t o  tha t  w i t h  no f i l t e r ;  R h o  i s  

the r a t i o  of the coincidence counting r a t e  w i t h  a specific f i l t e r  

t o  tha t  w i t h  no f i l t e r ,  Columns 3 and 4 give the experimental 
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values  for s ing le s  and coincidenc w i t h  their corresponding un- 

c e r t a i n t i e s ,  

values  computed from the theoretical expressions for S/So and 

R/Ro, w h e r e  vl and v2 are the frequencies corresponding t o  the 

wavelengths of 3500 and 1050 A, respect ively,  and v3 i s  the fre- 

quency corresponding t o  the low-wavelength cutoff  l i m i t  of the 

specific f i l t e r ,  T ( v )  is  the transmission of the f i l t e r ,  r\ is 

the eff ic iency of the "soft" tube, q 8  is  the ef f ic iency  of the 

"hard" tube, and A(V) is the two-photon spectral d is t r ibu t ion ,  

w h i c h  has been ca re fu l ly  ca lcu la ted  ( t o  within 0.5%) by Spitzer 

and Greenstein (1951) as w e l l  as m o r e  recent ly  and more accurate- 

l y  ( t o  within one part i n  10 ) by K l a r s f e l d  (1969). 

Columns 5 and 6 g ive  the s ing le s  and coincidence 

6 

W e  have chosen t o  present  the comparison between experi- 

mental and theoretical r e s u l t s  i n  t e r m s  of the ratios of counting 

rates rather than i n  terms of absolute  counting rates. T h i s  

e l iminates  the effect of frequency-independent quant i t ies ,  some 

of which are complicated, d i f f i c u l t  t o  calculate ,  and not  very 

w e l l  understood. W i t h  t h e  improved techniques employed here, 

typical values  of So for the s ing le  rates w e r e  1200 and 200 counts 

per second for the "hard" and "soft'' phototubes, respect ively.  

The coincidence rates w e r e  6 counts per minute 

combinations, The chance coincidence rate was  approximately 

one count per minute w i t h  the two ''hardtr phototubes, 

for both phototube 

T a b l e  I shows. that  the theoretical r e l a t i v e  coincidence 

counting rates agree w i t h  the experimental r e l a t i v e  coincidence 

counting rates, On the other hand, the s ing le s  counting rates 
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no such agreement since as disc%s 

ces of single-photon 

In order to test the sensitivity of the experiment to the 

spectral distribution of the two-photon emission, the ratios S/So 

and R/Ro have also been calculated using five other spectral. dis- 

tribution functions A ( v )  The simplest test spectrum to consider 

is .a uniform spectral distribution. This distribution, denoted as 

Aflat 
'for 0 v 5 vo. The second test spectrum A ( v  ) is defined as pro- 

portional to the cube of the product of the frequencies of the two 

photons, i,e,, A(v ) 0: v (vO- v )  e 

( v )  , is independent of frequency and has the form Aflat(v) = 1 
3 

3 3 3 Such a distribution results 

' from considering only the phase space factor in the theoretically 

predicted two-photon spectral distribution, Anomal ( v )  , and 
neglecting the matrix element factor, The third test spectrum to 

be considered, the reverse spectrum, is obtained by reflecting the 

theoretically predicted spectrum about v0/4 for 0 5 v 5 v,/2 and 

about 3v0/4 for v0/2 5 v 

Anormal 

Asinglet ( v )  and Atriplet 
spectral distributions of the two-photon emission from the meta- 

stable 2 S and 2 S states, respectively, of the helium atom (Dalgarno, 

1968a). 

v0.  Therefore, Areverse ( v )  = 

[ ( v d 2 ) - v ]  for 0 5 v 5 v0/2. The final test spectra are 

( v )  , which are the theoretically predicted 

1 3 

All of these spectral distributions are symmetric about 

v d 2  and are defined as zero outside the interval 0 5 v 5 Voe The 

results of these calculations are presented in Table XI, The 

values of R/Ro calculated with these various spectral distribution8 

fall within the uncertainties of the experimental values except. 

for those obtained with the following fix ers: Suprasil. in the 
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case of the flat: spectrum; strontium fluoride and calcium fluoride 

i n  the case of the v3 spectrum; Suprasil i n  the case of the reverse 

spectrum; and sapphire and Suprasil  i n  the case of the t r i p l e t  

spectrum, 

(narmal) spectrum are i n  good agreement w i t h  the experimental 

T h e  values calculated using the theoretically predicted 

values i n  a l l  cases, 

As discussed above, energy conservation requires that i n  

the two-photon decay one photon have a wavelength ly ing  between 304 

and 608 1 and the complementary photon have a wavelength greater 

than 608 A ,  Since the phototube is  sensitive from 1050 t o  

3500 A, two such "soft" phototubes cannot detect a true two-photon 

coincidencei To ve r i fy  that  indeed there are no tisoftte-stsoftt' 

coincidences, we  se t  two "soft" phototubes a t  an angular separa- 

tion of 120° and looked for coincidences between these two tubes, 

Since cosmic rays produce a troublesome coincidence background, 

we surround each phototube w i t h  a concentric cylindrical shell  of 

plastic scinti l lator which acts as an anticoincidence shield 

against cosmic rays, 'lSoft"---"soft" coincidences are accepted bu t  

"soft"-"soft'* scint i l la tor  t r i p l e  coincidences are rejected, T h i s  

procedure reduced the coincidence background from about 10 t o  3 

counts/min, T h e  residual background i s  believed t o  r e s u l t  from 

the pickup of electrical  transients in the laboratory. 

By collecting data for 62 hours, we established an upper 

l i m i t  of 0,04 counts per minute for the "soft"--l'soft'* coincidence, 

i o e c ,  the r a t e  is  less than 0,04 counts per minute, This l i m i t  

was determined by the fluctuations i n  the chance coincidence r a t e  

and the residual instrumental coincidence rate,  To get some 



idea of the significance o f  t h i s  quantity, we  compare it w i t h  both 

the lphardfg-"soft I' and llhaxd"-'s'hard'' coincidence rates, each of 

which i s  typically six counts per minute. Thus we have shown that 

the ttsoft"-'tsoftt' coincidence ra te  is  a t  least  a factor of 150 

smaller than the observed coincidence rates and that '  our observa- 

tions are consistent w i t h  the theoretical prediction of a zero 

r a t e  for t h i s  quantity, 

A l l  of the t e s t s  that  we have performed here and previously 

s ta te  of Be' de- 2 
1/2 (Lipeles e t  ax., 1965) indicate that the 2 S 

cays by two-photon emission as predicted by Breit and Teller. 

have shown that photon coincidences are observed when and only 

when metastable ions are present i n  the ion beam, that the angular 

We 

correlation function for the coincidences agrees w i t h  the theoret- 
2 ically expected function (19cos 0 1 ,  and that the spectrum of the 

photons i s  consistent with'the predicted. spectrum. I n  making the 

spectral studies, we w e r e  limited t o  the u s e  of broadband f i l ter  

techniques because the coincident; counting r a t e  was so small. 

However, the spectral studies certainly show that the spectrum is 

continuous and that the coincident pairs of photons do &both 

l i e  i n  the spectral range from LO50 t o  3500 %-, We believe that 

our observations f i rmly  establish the two-photon nature of the 

decay i n  a l l  e.ssential details  and that the theory i s  reliable 

and can be applied t o  the s tudy of planetary nebulae and related 

astrophysical phenomena, 



Filter 

M9Fa 

SrF2 

CaF2 

BaF2 

Sapphire 

Suprasil 

TABLE I .  Comparison of experimental and theoretical 

results for  the two-photon spectrum 

Relative singles and coincidence rates with filters 

Cutoff s/so R/Ro s/s* R/RQ 

Experimental Experimental Thearetical Theoretical 

1130 0,7128 s?r 0,0051 0.63 C 0.15 0,697 0,696 

1225 0,6633 ,C 0.0049 0,60 4 0-15 0,570 0,569 

1275 fi  0,6451 .+. 0,0051 0-61 f 0.16 0.529 0,528 

1325 0,6709 1- 0,0049 0.48 5 0.14 0.5045 0,5046 

1425 0,5334 f 0.0044 0.46 k 0,12 0.491 0,493 

1600 0,4749 -i- 0,0042 0 - 3 2  I 0.12 0,423 0,419 
y3 

Jv T ( v ) v ( v ) q '  (vo- v ) A ( v )  d v  
1 

= (1050 181, v3 = (Filter Cutoff) "1 = (3500 1111, v 2  



F i l t e r  

MgF2 

C a p 2  

SrF2 

BaF2 

Sapphire 

Suprasil 

TABLE 11, Sensitivity of experimental results 

to various spectral distributions, 

ENI-EMR relative coincidence ra tes  with filters 

Experimental 
Results 

0 - 6 3  k 0,15 

0-60 +- 0.15 

0-61 t, 0-16 

0.48 f 0-3.4 

0,46 -t- 0,12 

0 - 3 2  4 0-12 

0 e 696 

0,569 

0,528 

0 e 5046 

0 493 

0,419 

0,718 

Q e 600 

0,561 

0 c 543 

0.529 

0 I) 466a 

' Calculated 
Results 

3 3 v (v,-v) 

0.608 

0. 448a 

0 .  400a 

0,358 

0.348 

0.253 

Reverse 

0.726 

0,611 

0,572 

0.555 

0,542 

0 .  480a 

l k  Re I(2 S) 

0,684 

0 , 5 5 3  

0,511 

0,485 

0,474 

0,396 

He X(Z3Sf 

0.755 

0,651 

0,614 

0 604 

0,58ga 

0*535a 

a, Indicates lack of agreement between experimental and calculated values,  
A h 

b, These have been scaled to correspond to the '1's 1/2 - 2Ls1/2 transition in 
Hef, 
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FIGURE CAPTIOMS 

Fig, 1, Predicted two-photon spectrum €or He+ on a wavelength 

scale, 

Fig, 2, Observed angular distribution of two-photon decay, 
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Fig. I 


